ordered MNP structures. [10] [11] [12] However, it is difficult to reproducibly fabricate gaps of only a few nanometers, which result in even larger electric fields, using e-beam lithography. On the other hand, in self-assembled nanostructures of chemically prepared MNPs, as in the "bottom-up process", the length and the density of the surface capping molecules determine the minimum interparticle spacing. In particular, various MNPs under slow and irreversible evaporation form well-ordered, self-assembled MNP patterns on surfaces, resulting in a simple, cheap and robust strategy for self-assembly. [13] [14] [15] [16] [17] [18] Here, we highlight our efforts toward a simple approach for the preparation of metallic nanofibers consisting of MNPs self-assembled into DNA on surfaces and spectroscopic investigations of their SERS enhancement. We aim to present a simple and reproducible method for creating metallic nanofibers without any special equipment, realizing facile observations of one-dimensional (1D) plasmon coupling with long-range order. In our assembly of MNPs, highly aligned DNA nanofibers on a surface are used as a 1D template, and can be driven by a simple interface (air-liquid) movement. Using dark-field optical microscopy, we have directly observed strong near-field plasmon coupling in metallic nanofibers, resulting in the visualization of "hot spots" for enhancing SERS. Finally, applications for SERS analysis that take advantage of localized electric fields on prepared metallic nanofibers are discussed.
Direct Observations of LPRs of MNPs with Optical Microscopy
In general, single MNPs or MNP structures can be visualized using high-resolution techniques, such as scanning electron microscopy (SEM), transmission electron microscopy (TEM) and atomic force microscopy (AFM). For MNPs such as Au and Ag, their LPRs fall into the visible and near-infrared regions of the electromagnetic spectrum. Significant consequences of this are the bright colors exhibited by particles both in transmitted and reflected light, due to resonantly enhanced absorption and scattering. Thus, LPRs of MNPs as a function of particle size, particle shape, aggregation state, and local environment can be readily visualized as various true colors by using conventional optical microscopy. In optical microscopy, dark-field illumination is used to enhance the contrast associated with light scattered from MNPs ( Fig. 1) . In Fig. 1a , only the light scattered by the structure under study is collected in the detection path, while directly transmitted light is blocked using a dark-field condenser. 19 In Fig. 1b , by using index matched interface arrangements, the illumination system provides very high contrast, since only light scattering by MNPs is back collected by the objective, while surface defects and other imperfections are invisible due to index matching. 20 Total internal reflection (TIR) with prism coupling is also available, as shown in Fig. 1c . 21 Since the evanescent field generated from TIR at a dielectric boundary is a near-field effect, it provides a convenient excitation source while only exciting MNPs very closed to the interface. The advantage of these dark-field illuminations is the low light levels in the background, enhancing only light scattering from specimens.
A true color image of individual AgNPs under dark-field illumination is shown in Fig. 2 . In general, individual spheres of AgNPs are observed as blue spots, originating from their LPR colors. 22 The LPR colors of MNPs under scattered light are also affected by their size, shape and aggregation. 19, [22] [23] [24] However, the resolution in dark-field illumination is under the diffraction limit, in common with conventional optical microscopy. Consequently, when MNPs are sparsely dispersed on a surface, the above setups enable the study of single MNPs. Some studies have investigated LPRs in MNPs with different shapes by using dark-field microscopy and SEM. 24 For spectral investigations, the scattered light from single MNPs is readily focused by the microscope onto the spectrometer. These dark-field spectroscopic techniques allow us to measure spectra with very little background light.
By using an optical microscopy technique, such as the above dark-field illumination, MNPs can be also used as probes in cellular imaging. [25] [26] [27] Most recently, we have reported that AuNPs can be used as localization markers to visualize particle absorption through Caco-2 cells using dark-field optical microscopy. 27 Since AuNPs attached to the cell surface have their own LPR colors, the locations of individual AuNPs could be distinguished from the white network of tight junctions in the same field of view under a microscope. Unlike fluorescent dyes, MNPs do not have trouble with photobleaching or blinking, and can give stronger and more stable signals. Dark-field microscopy with MNPs as probes is a very simple yet effective technique, and is well suited for uses involving live and unstained biological samples.
One-dimensional (1D) Plasmon Coupling in
Metallic Nanofibers Prepared by Evaporation-induced Self-assembly with DNA
In observations and analyses with optical microscopy, forming ordered arrays of MNPs on a solid surface enables easy observation. Recently, we have developed a simple method to create highly aligned DNA nanofibers on a surface. 28 This method is based on the processes of solvent vapor-induced buildup and controlling the drying front movement, and forms parallel aligned DNA nanofibers exceeding several hundreds of micrometers in length and 40 nm in diameter on a poly(dimethylsiloxane) (PDMS) sheet. Thus, this process leads to DNA nanostrands that are much longer than the contour length of λ-DNA (16.3 μm), and facilitates manipulation of a single nanofiber under microscopic observation, while measuring its electrical and optical properties, and connecting it to electrode pads. Various MNPs could also be attached to such nanofibers, forming metallic nanofibers with a longer scale. [29] [30] [31] Figure 3 is a dark-field optical micrograph showing metallic nanofibers with AuNPs (30 nm in diameter) on a PDMS sheet. In general, individual spheres of AuNPs are observed as green particles, originating from their LPR colors. When MNPs are organized in closely spaced arrays, their LPR peak is shifted towards lower energy, and an increase in the bandwidth is observed because the dielectric constant of the surrounding MNPs is increased. Thus, the many reddish lines originating from their LPRs indicate that many AuNPs are assembled along DNA nanofibers. Although the curvature of the lines at the edges of the surface is due to the shape of the meniscus movement, they are aligned parallel to the moving drying front of the solvent. Metallic nanoarrays also exceed several hundred micrometers in length, and can be made within 30 min. Figure 3c is a SEM image showing the morphology of metallic nanofibers with AuNPs, which indicates that dense packing of AuNPs 30 nm in diameter is realized.
We also observed dark-field optical images of our metallic nanofibers under polarized light. 29, 30 The scattered light intensity from metallic nanofibers is stronger when the light is polarized parallel to the arrays, while it is weaker for vertical polarization. Furthermore, the scattering intensity exhibits a cosine-like dependence on the polarization angle. The enhancement of the light field localized in gaps between MNPs also strongly depends on the incident light polarization. 3, 4 For a uniaxial alignment of ordered MNPs, polarization parallel to the uniaxial alignment enhances light field localization in gaps between MNPs, leading to strong light scattering from ordered MNPs. In contrast, polarization vertical to the uniaxial alignment does not enhance light field localization.
Since it is well known that the enhancement of a light field localized on the surface of AgNPs is much larger than that for AuNPs, [32] [33] [34] using AgNPs is expected to result in stronger plasmon coupling in the metallic nanofibers. Most recently, we have also prepared metallic nanofibers with AgNPs (8 nm in diameter). 31 These also showed strong 1D coupling of plasmons similar to the case for AuNPs. In addition, we found that the number of particle aggregations along metallic nanofibers increased with increasing AgNP concentration, which was indicated by a color change (red shift) and homogenization in the light scattering. Furthermore, depending on the polarization direction of the exiting light, this leads to a blue shift in the LPR for the excitation of transverse modes, and a red shift for longitudinal modes. The spectrum obtained under excitation parallel to the nanofiber exhibits a maximum peak at 750 to 800 nm, whereas that under perpendicular polarization exhibits a maximum peak at 500 nm. The polarization dependence of the two plasmon modes in the nanofiber scattering spectra reveals that the plasmon coupling preferentially occurs in a quasi-one-dimensional direction along the nanofiber axis, 3, 35, 36 which is similar to LPRs observed for long nanorods or nanowires.
37-39

Applications of Metallic Nanofibers for SERS Analysis
Our highly anisotropic metallic nanofibers would be expected to produce highly localized light fields for enhancing SERS. Termed "hot spots", these highly confined fields enable an increased interaction between the molecules and electromagnetic fields. This also leads to the possibility of imaging. Raman or SERS imaging can provide high throughput chemical information with spatial distributions of analytes with a resolution in micrometers 40 or several tens of nanometers. 41 In order to study the SERS effect on our metallic nanofibers, Raman scattering spectral images were obtained using a laser Raman microscope with an excitation wavelength of 532 nm. 31 The Raman spectra of metallic nanofibers with well-attached AgNPs (9 ng mL -1 ) exhibited many intense bands in the 1000 -1600 cm -1 region, which are thought to arise from DNA bases (A, T, G and C). On the other hand, for metallic nanofibers with insufficiently attached AgNPs (1.5 ng mL -1 ), the Raman image indicated weaker intensities and intermittent distributions along the nanofiber. Using unattached regions of the nanofibers as a reference, well-attached AgNPs were found to enhance the Raman scattering signal by a factor of >10 3 . However, sequential SERS spectra observed from metallic nanofibers showed variations. These different shifts in Raman frequencies might indicate that the different conformational states of DNA molecules at different concentrations probably influence the Raman frequencies. 42 Changes in the backbone structure from the B-form to the A-form would have a strong effect on the orientation of DNA bases on surfaces of AgNPs. 43, 44 Consequently, for confirming SERS effects on our metallic nanofibers, the use of DNA bases as probe molecules is not convenient. Instead, we tried to observe SERS effects of metallic nanofibers using rhodamine B (RB) as a probe molecule. The PDMS substrate with metallic nanofibers was then exposed to 10 -6 M R6G in Milli-Q water for 30 min. The substrate was exposed to Milli-Q water for 5 min to remove RB in solution. Figure 4 shows a Raman image analysis of a single metallic nanofiber before and after the introduction of a 10 -6 M RB solution. From a comparison of Figs. 4a and 4b, it is striking that the Raman image along the nanofibers indicated stronger intensities and more uniform distributions along the nanofiber after the introduction of RB. As described above, the sequential SERS spectra observed from metallic nanofibers before the introduction of RB show large differences because of different conformational states of DNA molecules (Fig. 4c) . In Fig. 4d , after the metallic nanofibers were exposed to a 10 -6 M RB solution, spectral features characteristic of RB at 607, 768, and 1196 cm -1 associated with the C-C-C ring in-plane, out-of-plane bending, and C-C stretching vibrations, respectively, as well as bands 1362, 1542, 1653 cm -1 , at which are usually assigned to aromatic C-C stretching vibrations of the RB molecule. 45, 46 SERS spectra of RB obtained at all points along the metallic nanofiber, as shown in Fig. 4d , were almost the same expect for the peak intensities. It is important that as can be seen in Figs. 4c and 4d , SERS signals of RB are detectable for shorter exposure times (3 s/line) and lower excitation power (10 μW) than those for DNA bases. Since DNA molecules with a doublestrand structure have rigid and larger structures, the junction sites of two or more particles, called "hot spots", would not be fully filled with DNA bases. Consequently, it seems reasonable that smaller RB molecules would penetrate into empty "hot spots", resulting in an increase in its SERS signals. The differences in SERS intensity at points on the metallic nanofiber are attributed to the morphology of the metallic nanofiber with different aggregation levels of AgNPs. By varying the particle sizes and surface properties of AgNPs, metallic nanofibers with homogeneous aggregations of AgNPs could be controlled, which would achieve more efficient SERS. The influence of the DNA matrix in metallic nanofibers on SERS signals can be suppressed by the exposure time and laser power, and such an influence must be removed in orfer to detect the analyte molecules. Soft etching, such as UV/ozone or plasma treatment for metallic nanofibers, would achieve the conversion to metallic arrays without organic compounds.
At present, the prepared metallic nanofibers are linear, but placed randomly on the substrate. By creating the appropriate relief pattern on PDMS, and properly modifying the substrate surfaces, it is possible to control the location of nanofiber generation. Our metallic nanofibers can also be restructured by the transfer-printing (TP) technique, and integrated into the desired position on various substrates, such as glass or silicon. 26, 28 Figure 5 presents dark-field micrographs of 2D metallic nanofiber patterns. The image is clearly reddish when the light is polarized parallel to the fibers, while vertically aligned metallic nanofibers are bluish (Figs. 5(b) and 5(c) ). The above result also indicates that 1D arrangements of particles in the metallic nanofiber are maintained after the TP process. The main advantages of TP are that the metallic nanofibers can be printed in the desired positions on the substrate and that various detection sites can be printed on the same substrate by stamping PDMS sheets with different metallic nanofibers modified with various materials. Therefore, our method will advance the fabrication of nano-optical devices and optical sensor chips for single-molecule detection.
Conclusions
In this review, we have summarized our recent work on a simple preparation method for metallic nanofibers and their application to SERS analysis. Our approach can be used as a general method for the growth and patterning of metallic nanofibers with highly localized light fields. In addition, our metallic nanofibers produce strong near-field plasmon coupling of MNPs for enhancing the SERS effect. A combined dark-field imaging and optical spectroscopy approach was particularly useful for understanding the LPRs of one-dimensionally coupled MNPs in the metallic nanofibers. In the field of analytical chemistry, one promising application is in optical sensors, where singlemolecule detection via SERS has been reported. The shape of MNPs has an effect on localized light fields; for example, the enhanced light fields are localized at the corners of nanocubes and are much larger compared with nanospheres. Controlling LPRs is the key to optimizing SERS, since plasmon resonances are responsible for generating the strong local light fields necessary for SERS. In terms of controlling the LPRs, shape engineering of nanoparticles has provided an efficient handle. The manipulation of hot spots through shape-controlled synthesis and self-assembly with our method could lead to the advancement of SERS. Our metallic nanofibers could also be restructured by the TP technique, and integrated into a desired position on various substrates, such as glass or silicon. Therefore, our method will advance the fabrication of optical sensor chips for single-molecule detection.
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